Control measures used to limit the spread of infectious disease often generate externalities. Vaccination for transmissible diseases can reduce the incidence of disease even among the unvaccinated, whereas antimicrobial chemotherapy can lead to the evolution of antimicrobial resistance and thereby limit its own effectiveness over time. We integrate the economic theory of public choice with mathematical models of infectious disease to provide a quantitative framework for making allocation decisions in the presence of these externalities. To illustrate, we present a series of examples: vaccination for tetanus, vaccination for measles, antibiotic treatment of otitis media, and antiviral treatment of pandemic influenza.
antibiotic resistance | externalities | vaccination | emerging infectious disease | pandemic influenza C ontrol measures used to limit the spread of infectious disease often generate both direct effects on the targeted individuals and indirect effects on other parties. As we shall see, these side consequences, or externalities, may be either beneficial or detrimental, depending on the biology of the disease and the nature of the interventions.
An effective framework for making health policy decisions must account for both direct effects and externalities. This requirement situates the control of infectious disease as a problem in public choice economics. Several economic studies have considered the role of externalities in public health. Brito et al. (1) first posed the problem, addressing the positive externalities associated with vaccination programs. Subsequent analyses (2, 3) use this approach to illustrate the difficulty of entirely eradicating a disease by vaccination. Gersovitz and Hammer further expand the economic models and extend the analysis to public goods associated with vector control (4) (5) (6) . Cook et al. (7) propose a graphical approach similar to that presented here and work out a detailed case study for cholera vaccination. However, none of these analyses address the negative externalities associated with the evolutionary process, namely the evolution and spread of antimicrobial resistance. Within the field of infectious disease epidemiology, there is a growing realization that game-theoretic problems arise around vaccine uptake (8) (9) (10) (11) (12) (13) (14) and antibiotic resistance evolution (15, 16) . However, epidemiologists have yet to adopt a general framework for handling the economic externalities associated with disease control measures.
Here we fuse these two lines of research to sketch a general framework for considering the consequences of control interventions on evolving infectious diseases. To illustrate the fundamental issues that arise, we will step through a sequence of four infectious diseases. We begin by describing tetanus, for which vaccination is a pure private good and no externalities arise. Next we use measles to illustrate a case in which the externalities, namely reduced infectious pressure due to herd immunity (17) , are entirely positive. We then consider otitis media, a case in which the externalities, namely selection for antibiotic resistance, are due to evolutionary processes and are purely negative. We conclude with a model of pandemic influenza, in which antiviral treatment simultaneously generates both positive and negative externalities. Each of our examples is intended to be illustrative rather than predictive, and thus we have put a high premium on simplicity; in each case, we use the most basic models possible with simple approximate parameters. Faced with an actual policy decision for a specific disease, one would do well to sacrifice the simplicity here for the realism conferred by more complex disease models. Extension is straightforward to any type of disease model, deterministic or stochastic, analytical or simulation-driven, well-mixed, age-structured, explicitly spatial, or network-based. As far as the economic modeling is concerned, the disease model is simply a "black box" that generates the marginal public benefit curves by specifying the hazard of infection and its derivatives as a function of how broadly and to whom interventions are allocated. Even when these quantities cannot be obtained analytically, numerical methods can be used for all of the calculations described herein.
Economic Method
The economic theory of public choice provides a mathematical framework for making decisions in the presence of externalities (18, 19) . In this paper, we are concerned with the allocation of public health interventions: vaccinations, antibiotics, and antivirals. Due to externalities that arise with these goods, the privately obtained levels are not always socially efficient. Some sort of government intervention such as subsidies or taxes may be needed to achieve efficiency.
We begin by describing the basic economic formulation, using vaccination as an example. As we will show, this framework can also be adapted to deal with antimicrobial therapy. Consider a large population N in which a fraction q of the population is vaccinated. The annual hazard of infection is h(1, q) for those who are vaccinated and h(0, q) for those who are not. Let individual i have a utility function U i (h i , x i ), where h i is the hazard rate and x i is the amount of goods that i consumes in time period t. If i has initial wealth w i and pays p to be vaccinated, then x i = w i -p. Individual i's private benefit from vaccination is a function v i (q), which is defined as the most money that i would be willing to pay to be vaccinated. Thus v i (q) is implicitly defined by the equation U i ½hð1; qÞ; w i − v i ðqÞ ¼ U i ½hð0; qÞ; w i :
Although the method generalizes easily to heterogeneous populations, as we will see in the otitis media example, for now consider the special case where consumers have identical utility functions of the form This article is a PNAS Direct Submission.
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Uðh; xÞ ¼ x − kh:
When utility is of the form in Eq. 2, it follows from Eq. 1 that vðqÞ ¼ k½hð0; qÞ − hð1; qÞ: [3] If individuals must pay a price c for vaccination, they will prefer to be vaccinated if and only if the private benefits v(q) of vaccination exceed the private cost c.
Assume that the total cost of vaccinating a fraction q of the population is C(q N). In this case, the efficient level of q is that which maximizes the sum of individual utilities subject to the constraint that total consumption of goods equals the sum of individual wealths minus total resource costs of vaccinations. This sum is equal to the sum of the utilities of all of the vaccinated individuals plus the sum of the utilities of the unvaccinated, which is
It follows that the efficient level of vaccination q e is that which maximizes N q υðqÞ − Cðq NÞ − N k hð0; qÞ:
If we differentiate expression 4 with respect to q and divide by N, we have the following first-order necessary condition for efficiency:
vðqÞ − C′ðq NÞ − k q ∂hð1; qÞ ∂q þ ð1 − qÞ ∂hð0; qÞ ∂q
Let us define
Thus, X(q) measures the marginal value to the population of the indirect effects of vaccination. This is the externality generated by vaccinating a single individual. Note that it is composed of two terms: the ∂h(1, q)/∂q term reflects the effect of treating one additional individual on the other treated individuals, and the ∂h(0, q)/∂q term reflects the effect of treating one additional individual on the untreated individuals. In the remainder of this paper, we look at how these terms operate for four illustrative diseases. For tetanus, both terms are zero and no externalities are generated. For measles vaccination, which generates a positive externality for the unvaccinated (but not the vaccinated), the ∂h(1, q)/∂q is zero and the ∂h(0, q)/∂q is negative. For antibiotic treatment of otitis media, which generates a negative externality for the other treated individuals (but not the untreated), the ∂h(1, q)/∂q is positive and the ∂h(0, q)/∂q is zero. For antiviral treatment of pandemic flu, which generates both positive and negative externalities, both terms are nonzero. Suppose that individuals are required to pay the marginal cost of their vaccination. Because the private benefit of vaccination is v(q), the equilibrium level of vaccination will be q p such that v (q p ) = C′(N q p ). To induce an efficient outcome, the government can provide a so-called Pigouvian subsidy, subsidizing each vaccination by an amount X(q e ) equal to the marginal value of the indirect effects at the efficient point.
Tetanus
With our economic framework in place, we turn to a series of examples. We begin with one of the few cases in which disease prevention is a purely private good. Tetanus is the severe prolonged contraction of skeletal muscle fibers caused by the neurotoxin tetanospasmin produced by the bacterium Clostridium tetani. Whereas tetanus kills hundreds of thousands of individuals worldwide every year, it is virtually nonexistent in industrialized nations, with a reported incidence of 50-100 cases per year in the United States over the past 30 years. This low incidence is due directly to vaccination use (20, 21) .
Tetanus is not contagious, making it the only vaccine-preventable disease that is infectious but not transmissible human-to-human (20) . As a result, there is no herd immunity from vaccination. In terms of our model, the hazard rate for an unvaccinated individual to become infected is simply a constant, independent of q, and thus ∂h(0, q)/∂q = 0. Furthermore, the vaccine targets the tetanospasmin toxin rather than the bacterium that produces it, thereby minimizing the selective consequences of vaccination on the bacterium itself and minimizing the risk of resistance evolution, even relative to other vaccines (22) . Hence, the hazard rate for a vaccinated individual to become infected is also independent of q and so ∂h(1, q)/∂q = 0 as well. Thus, for tetanus, X (q) = 0, and there are no externalities associated with vaccination. Tetanus toxoid vaccine is a purely private good; an individual will choose to vaccinate if his or her benefit is larger than the cost, irrespective of what others are doing-and this decision has no side effects on other individuals' risks of disease.
Measles
Next we consider a disease for which control generates positive externalities from reduced transmission. Measles is caused by a paramyxovirus and kills an estimated 242,000 people globally per year, despite an effective and readily available vaccine (23) . Vaccination is the primary form of control, and generates a positive externality because high vaccination levels induce "herd immunity" (17) that reduces the risk of infection to nonvaccinated individuals.
To investigate the dependence of hazard rates on vaccination, we consider the stationary equilibrium of a basic susceptibleinfectious-recovered (SIR) model of vaccination (see ref. 24 ). Expected lifespan is T years and population size is constant, with birth rate μ = 1/T equal to the death rate. Individuals who are vaccinated will be vaccinated at birth. We assume that the vaccine is perfectly protective, so that h(1, q) = 0 for all q. At equilibrium, those who are not vaccinated will face a constant hazard rate of contracting measles, but after recovering will not be susceptible. Let γ be the recovery rate and β the infection transmission rate. Let S(t) be the fraction of the population that is susceptible to infection, I(t) be the fraction of the population that is infectious, and R(t) be the fraction that is recovered from the disease and no longer infectious. Where _ S, _ I, and _ R indicate derivatives with respect to time, the governing differential equations are
We define basic reproductive number R 0 = β/(γ + μ). To find the equilibrium level of infection I*(q) when a fraction q is vaccinated, we take
We see that the equilibrium fraction of infected individuals decreases linearly as the vaccinated proportion of the population increases, so long as R 0 (1 -q) > 1. If R 0 (1 -q) ≤ 1, the disease will be eradicated. The annual hazard rate for an unvaccinated, susceptible individual is given by hð0; qÞ ¼ βI * ðqÞ ¼ μ½R 0 ð1 − qÞ − 1:
We assume that vaccination at the beginning of life results in lifetime immunity. Suppose that individuals who are vaccinated are asked to pay the marginal cost of their own vaccination in equal installments over their lifetimes. Let c be the marginal cost of vaccination; then the annual payment would be c/T = μ c. The annual utility gain from vaccination is v(q) = k h(0, q). At an interior equilibrium, individuals would be indifferent about being vaccinated or not. Thus the privately supported equilibrium proportion of vaccinated individuals would be q p , such that
This implies that at equilibrium the fraction of the population that is unvaccinated is
The efficient level of vaccination q e is that which maximizes the sum of individual utilities subject to the constraint that total consumption of goods equals the sum of total wealths minus total resource costs of vaccination. The total annual cost of vaccinations is C(q μ N) and the total annual cost of infection is
An efficient outcome, therefore, is one that minimizes
Cðq μ NÞ þ ð1 − qÞN k μ½R 0 ð1 − qÞ − 1:
If the marginal cost of an additional vaccination is c, the firstorder condition for an efficient rate of vaccination q e is μN c ¼ μN k½2R 0 ð1 − q e Þ − 1: [14] This implies that
We see from Eqs. 11 and 15 that in an efficient outcome, the fraction of the population that is left unvaccinated is just half of the equilibrium unvaccinated fraction if individuals pay the marginal cost of their vaccinations. In this model, the annual externality from a vaccination is X(q) = k μ R 0 (1 -q). Thus, an annual subsidy of k μ R 0 (1 -q e ) = μ(c + k)/2 for those who choose vaccination would be sufficient to induce an efficient outcome. Fig. 1 illustrates.
As seen in previous analyses, complete eradication can be difficult even with government subsidy, due to the so-called prevalence elasticity in private demand of vaccine: Prevalence of a disease declines through increased vaccination use; the willingness to pay for vaccination decreases as well (2, 25) . However, in the framework defined above, increasing vaccine prevalence through government intervention still provides a positive externality in reducing the prevalence of measles (4).
Otitis Media
Otitis media is an inflammation of the duct known as the eustachian tube, which connects the middle ear to the nasopharynx.
Typically caused by ineffective clearing of Streptococcus pneumoniae or Haemophilus influenzae bacteria from the duct, otitis media is the leading cause of antibiotic prescription in children and adolescents in the United States (26) . Due to the position of infection, human-to-human transmission of the infection-causing bacteria is unlikely. With asymptomatic carriage in the nasopharynx extremely common and transmission much more likely from this site than from the eustachian tube, treatment of clinical infection has little or no effect in reducing transmission.
The economics of otitis media treatment differ from measles vaccination, as there exists a negative externality of antibiotic resistance caused by overprescription of antibiotics (27) (28) (29) . Although most cases of otitis media are caused by bacterial infection, some are viral in etiology and often the two are difficult to distinguish. This commonly leads to unnecessary antibiotic treatment. Moreover, most cases resolve spontaneously without treatment. The American Academy of Pediatrics now recommends that no antibiotic treatment be given for most cases in children over the age of 2 in the absence of severe illness (30) .
We adjust our interpretation of the model parameters to fit the specifics of otitis media. We now interpret N as the total number of clinical cases and q as the fraction of cases that receive antibiotic therapy, and we replace the hazard rate h with a function π that gives the chance of developing complications that require further intervention beyond any initial antibiotic therapy.
There is considerable variation across individuals in their need for antibiotic treatment. To account for the individual variation in need for antibiotic treatment, we extend our economic model to consider the case in which individual utility functions differ. Suppose that there is a continuum of consumers such that the utility function of consumer t is Uðπ; xÞ ¼ x − kðtÞπ; where t ∈ [0, 1] and k is a nondecreasing function of t.
In an efficient allocation, all of those who are treated must have at least as high a value of k as all of those who are not. If a fraction q of the cases are treated and the persons treated The recovery rate is γ = 100. So that R 0 ≈ 10, the transmission parameter is γ = 1000. The annual valuation of reduced risk is k = 100; the total cost of vaccination (financial cost plus perceived risk of being vaccinated) is c = 200. Given a death rate of μ = 0.02, the annual cost is c μ = 4 and the annual subsidy is μ(c + k)/2 = 3.
are chosen efficiently, those who are treated must have k(t) ≥ k (1 -q) and those who are not treated must have k(t) ≤ k(1 -q). The total cost of treatment is C(N q), and the integral of consumers' utilities is W − CðNqÞ − N πð1; qÞ Taking the derivative of expression 17 with respect to q, and dividing by N, the first-order condition for efficiency is C′ðqÞ ¼ kðqÞ½πð0; qÞ − πð1; qÞ − K þ ðqÞ ∂πð1; qÞ ∂q − K − ðqÞ ∂πð0; qÞ ∂q
If the fraction q of cases are treated, the private benefits to an individual to whom the cost of infection is k(t) will be vðt; qÞ ¼ kðtÞ½πð0; qÞ − πð1; qÞ:
If marginal cost is a constant c, and individuals purchase their own treatment at a price equal to the marginal cost, an equilibrium will be an outcome in which kðqÞðπð0; qÞ − πð1; qÞÞ ¼ c: Thus, the marginal effect of a change in q on the population, X(q), is much as before but with K + (q) and K -(q) replacing the k q and k(1 -q) terms: Antibiotic use typically selects for resistance; as usage increases, we expect the prevalence of antibiotic-resistant strains to increase and, with it, the probability of treatment failure (31). In our model, this means that the probability of complications despite treatment π(1, q) will be an increasing function of q. To determine the form of this function, we again can turn to mathematical models in disease epidemiology.
Here we use a simple susceptible-infected-susceptible (SIS) model of antibiotic use in the community to treat a humancommensal bacterium, following ref. 32 . Only a small fraction α of individuals carrying the bacterium experience symptoms and are candidates for treatment; the treatment fraction q now refers to the fraction of these symptomatic cases treated. For a population of size N, we let S be the proportion of individuals not carrying the bacterial species of interest, and let I w and I r be the proportion of people carrying wild-type bacteria or resistant bacteria, respectively. Let γ w and γ r be the rates of spontaneous clearance for wild-type and resistant bacterial carriage, and let γ t be the clearance rate due to treatment for wild-type carriage. Let β be the force of infection and let σ be the rate at which treated wild-type individuals develop de novo resistance. The governing differential equations are
At steady state, sensitive and resistant strains will coexist provided that β > γ w + α q γ t + α q σ and κ > α q(γ t + σ), where κ = γ r -γ w is the differential clearance rate. In this case, the equilibrium frequency of resistant bacteria [i.e., I r /(I w + I r ) at equilibrium] is p(q) = α q σ/(κ -α q γ t ) and the derivative with respect to q is p′(q) = α κ σ/(κ -α q γ t ) 2 . We can now compute ∂π(1, q)/∂q and ∂π(0, q)/∂q. The latter is straightforward: Assuming that there is no difference in the virulence of resistant and sensitive strains, the frequency of resistance does not directly impact untreated individuals and thus ∂π(0, q)/∂q = 0. The former term depends on the frequency of treatment failure, which in turn is proportional to the frequency of resistant bacteria. Let ρ be the chance that treatment failure leads to complications. Then ∂π(1, q)/∂q = p′(q)ρ and X(q) is negative. The efficient level of treatment q e lies below the private equilibrium, and some government intervention is required to discourage usage if we are to reach the efficient outcome. In this case, a tax of X(q e ) will shift the private equilibrium to the efficient point. This optimal taxation level is illustrated in Fig. 2 .
Pandemic Influenza
Novel influenza A (H1N1) was first reported in Mexico City in late April 2009, and within 6 weeks (June 11) was declared a full pandemic by the World Health Organization. The most widely used antiviral agents, neuraminidase inhibitors oseltamivir and zanamivir, have demonstrated beneficial effects on H1N1 infection and are the WHO-recommended first-line and chemoprophylactic treatment for these viruses (33, 34) . However, resistance to antiviral agents is a concern for public health planners (35) . Resistance can evolve readily with minimal fitness costs (36) , and the use of neuraminidase inhibitor antivirals has the potential to decrease the long-term effectiveness of these drugs.
In this section, we develop a simple illustrative model of pandemic influenza. Our analysis is based on ref. 37 , with the simplification that we model only antiviral treatment and not antiviral prophylaxis. Our state variables are as follows: X is the fraction of susceptible individuals in the population; Y su is the fraction of individuals infected with sensitive virus but untreated with the antiviral; Y st is the fraction of individuals infected with sensitive virus and treated with the antiviral; Y r is the fraction of individuals infected with resistant virus; and Z is the fraction of removed (recovered or dead) individuals in the population. Let γ be the recovery rate and let σ be the rate at which sensitive infections evolve de novo resistance. Let β su , β st , and β r be the transmission parameters for untreated sensitive, treated sensitive, and resistant virus, respectively. As in the model of ref. 37 , treatment reduces the infectiousness but not the duration of infection. Let q be the fraction of drug-sensitive infections that receive treatment. The governing differential equations are then
[20]
In the previous examples, we looked at how the treatment fraction influenced the steady-state prevalence of the disease. Such an approach is not appropriate for pandemic influenza, which sweeps through a population and then is eradicated, rather than reaching a steady endemic level. Thus, we will focus in this example on the time course of infection, tracking the number of individuals infected over time. Fig. 3 shows how the fractions of individuals infected with resistant and sensitive strains, over the course of an epidemic, depend on the fraction of cases treated with antivirals. As seen in previous analyses, intermediate levels of antiviral therapy minimize the total number of cases (37) by reducing the degree to which the epidemic overshoots its eradication threshold (38) .
In our economic analysis, individuals have incentive to purchase antivirals at cost c because treatment ameliorates symptoms of influenza, such that k t and k u represent the dollar costs of a case of treated and untreated influenza, respectively. Under these assumptions, utility functions are of the form U(π t , π u , x) = x -k t π t -k u π u , where x is the amount spent on other goods, π t is the probability that the individual contracts a sensitive case and treats it, and π r is the probability that an individual contracts a case and does not treat it, either because he or she had chosen not to purchase the antiviral or because the case is resistant.
We consider two different ways in which antivirals might be dispensed. In the flu kits scenario (39), the consumer has an advance option to purchase one course of antiviral therapy to be used in the event that he or she is infected in a pandemic. For simplicity, in this scenario, we assume that no further courses of antiviral therapy will be available during the epidemic to those who did not choose to purchase them initially. In the pharmacy distribution scenario, no advance purchase is made. Instead, when an individual is infected, he or she has the option to purchase a course of antivirals for immediate use from the pharmacy, but this decision is made without knowing whether the infection is sensitive or resistant.
The π u and π t values can be computed directly from the fraction of the population that has been infected by each strain at the end of the epidemic, conditioned on the treatment choices of the individual. Let π r (q) be the fraction of the population that has been infected by resistant strains at the end of the epidemic and let π s (q) be the fraction of the population infected by sensitive strains. In the flu kit scenario, the purchase is made in advance of infection. Ignoring resale and exchange of antivirals, the fraction of sensitive infections treated, q, will be equal to the fraction of the population who chose to purchase the flu kit. In this case, the private benefit is v(q) = (k u -k t )π s (q). In the pharmacy distribution scenario, the purchase is deferred until the individual is known to be infected. The fraction of sensitive infections treated will be equal to the fraction of individuals who choose to purchase treatment once infected. In this case, the private benefit is conditioned on infection by some strain of flu: v(q) = (k u -k t )π s (q)/[π s (q) + π r (q)]. In each case, we can solve numerically for the private equilibrium fraction q of individuals who choose to purchase antiviral therapy. As in our previous examples, the social optimum is the point that maximizes the sum of the utilities. This can also be computed numerically. Fig. 4 and Fig. 5 illustrate.
This model illustrates an interesting tradeoff. When antiviral usage is low, increasing use generates a positive externality in the form of reduced total cases. When antiviral use gets higher, this positive externality is reduced and, moreover, a negative externality arises in the form of reduced antiviral effectiveness. Depending on the distribution technology, the private market may over-or underuse antivirals relative to the efficient level. For the particular parameter values here, too few people stockpile antivirals if required to purchase them in advance of the pandemic, whereas too many use antivirals if allowed to purchase them at the time of infection. Corresponding subsidies or taxes can bring the private equilibrium into line with the efficient point, as illustrated in Fig. 4 and Fig. 5 .
Summary
When coupled with mathematical models of disease, the economic theory of public choice provides a robust framework for assessing the economic impact of public health interventions. As we have illustrated, this framework allows decision makers to account for the positive and negative externalities associated with control measures such as vaccination or antimicrobial chemotherapy. Depending on the biology of the disease and the nature of the intervention, the private market may under-or overallocate. Taxes or subsidies can guide the private market to a more efficient level of intervention. Although the models presented here have been deliberately simple, the framework illustrated can be fruitfully applied to more sophisticated quantitative models of infectious disease. Doing so should help public health planners more efficiently control evolving transmissible diseases.
